Granular-activated carbon is a commonly used adsorbent in water treatment. It can be reused by regeneration when saturated, but there are limits to the number of regenerations in actual engineering. This study created a simple and economical treatment method allowing for the reuse of waste granular-activated carbon (WGAC) that approaches the regeneration limit. The adsorption kinetics, equilibrium, and thermodynamics of Ni(II) onto the treated waste granular-activated carbon (TWGAC) and the new granular-activated carbon (NGAC) were studied. The N 2 adsorption/ desorption isotherms, zeta potential, SEM, energy-dispersive spectrometry and FTIR spectra were used to characterize and compare the NGAC and TWGAC. Analysis revealed that the structure of WGAC was severely damaged, but the adsorption capacity and adsorption mechanism after treatment were similar to those of NGAC. Experimental data showed that the pseudo-second-order kinetic model and the Freundlich isothermal model had high correlation coefficients (R 2 > 0.99). The maximum adsorption capacity of TWGAC and NGAC was 138.9 and 123.5 mg g -1 . Thermodynamic parameters, including the negative values ΔG, positive values ΔH, and positive value ΔS, indicated that the current adsorption processes of TWGAC and NGAC were feasible, spontaneous and endothermic. After three cycles, TWGAC's removal rate for Ni(II) remained as high as 95.3%.
Introduction
Ni(II) are heavy metal ions present in industrial wastewater, which have been attracting a worldwide attention due to their increasingly toxic effects on the environment and people [1] . The Ni(II) pollution mainly comes from the industrial applications such as mining, metallurgy, welding, battery manufacturing, electroless nickel plating, and electroplating. According to China's 'Electroplating Pollutant Emission Standard (GB 21900-2008)', the emission levels of nickel in China are strictly limited to 0.1 mg L -1 [2] . Moreover, Ni(II) ions easily accumulate in live organisms.
Excess amount of Ni(II) ions can lead to lung embolism, neurological disorders, allergic dermatitis, as well as to an increased risk of developing lung, nose, larynx, and prostate cancers [3, 4] . The World Health Organization (WHO) has set a maximum limit of 0.1 mg L -1 of nickel in drinking water [5] . Therefore, it is essential to protect human and provide environmental safety and effectively remove Ni(II) ions from wastewater.
Several water treatment technologies, such as chemical precipitation, ion exchange, membrane separation, flocculation, and adsorption, have been used to eliminate Ni(II) ions from water [6] [7] [8] [9] [10] [11] ; however, none of them are perfect.
For example, the resin cost of the ion exchange technology is high, and the regeneration solution needs additional treatment, which imposes certain limitations in practical engineering use [6] . Membrane separation technology has the potential for membrane fouling and requires frequent membrane cleaning to restore processing capacity. In addition, there are high costs associated with treatment of the concentrate [12] . Traditional flocculants have a poor heavy metal removal capacity and frequently require additional modification or compounding to enhance the removal process [13] . Although adsorption is a relatively traditional processing technique, compared with other technologies, it has the greatest development space and application prospects owing to its low cost, stability, and convenience.
Granular-activated carbon (GAC) is one of the most widely used adsorbent with a high surface area, variety of functional groups, good internal porosity, low cost, and efficient processing capability [14] . Importantly, the adsorption capacity of GAC is comparable with other adsorbents, and GAC loses its adsorption capacity when saturated. When spent, GAC is typically incinerated or used in the next adsorption cycle after regeneration [15] . However, the active surface and volume of the porous structure decrease with each GAC regeneration, resulting in its decreased adsorption capacity [16] . As a result, many research studies focus on optimizing activated carbon regeneration methods, including biological regeneration, microwave regeneration, oxidative regeneration or thermal regeneration [17] [18] [19] . However, regeneration is not unlimited, and GAC will eventually have to be discarded after repeated regeneration. Because the internal structure of the GAC after the regeneration limit is reached is severely damaged. The carbon content and porosity of the GAC are greatly reduced [20] . Water plants in China usually replace the old GAC with new granular-activated carbon (NGAC) 5 years after when GAC is first used. Biological activated carbon also needs to be regenerated after being used in drinking water treatment plants for 6 to 7 years [21] . The main reason is that the regeneration and transportation costs are relatively high, and the adsorption performance of GAC after regeneration is noticeably reduced. In contrast, the use of NGAC is more efficient and very easy. By developing a combination of ultrasonic cleaning and grinding, we can extend the lifespan of GAC that reaches the regeneration limit and is not otherwise suitable for typical regeneration. With this approach, the waste granular-activated carbon (WGAC) that was aimed for destruction can now be easily and effectively reused to remove environmental contamination due to heavy metal ions. At the same time, the ultrasonic cleaning and grinding process is simple and space efficient. It can be carried out inside the water plant, eliminating the need for expensive long-distance transportation. At present, we believe that there is no similar method that can reuse WGAC that is no longer suitable for regeneration.
The objectives of this study are as follows: (1) to evaluate the adsorption properties of Ni(II) on NGAC and the TWGAC, (2) to compare the surface properties of NGAC and TWGAC, (3) to fit experimental data through kinetic and thermodynamic models, and (4) to analyze the adsorption mechanism of Ni(II) on NGAC and TWGAC.
Materials and methods

Materials
The primary chemicals were all pure and of analytical grade, and the experimental water was deionized water. Nickel sulfate (NiSO 4 ·6H 2 O) was purchased from the Aladdin Shenghai Technology Co., Ltd. (Shanghai). Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were purchased from the Nanjing Chemical Reagent Co., Ltd.
The NGAC and WGAC used in the experiment were coal-based GAC produced by Datong Yunguang Activated Carbon Co. Ltd. (Datong, Shanxi Province, China) WGAC was obtained from the Jitai Water Plant (Sihong County, Jiangsu Province, China) and has been in use for 5 years. The NGAC was ground into a powder and sieved through a sieve (200 mesh) to obtain a homogenous powder during the adsorption experiment.
Treatment of WGAC
The treatment method of WGAC was as follows: WGAC was washed with ultrasonic waves at 40 kHz for 10 min to remove suspended and washable contaminants (the volume of water is five times of WGAC). Then, the washed GAC was dried at 105°C to remove any volatile materials present within the pores of the grain. Afterwards, the dried GAC was placed in a crusher (Huangdai, 800Y, China) and ground for 2 min. Finally, it was sieved through a sieve (200 mesh) to obtain a homogenous powder. The used water was discharged as wastewater to the sewage treatment plant.
Characterization methods
The Brunauer-Emmett-Teller (BET) specific surface area, pore size distribution and pore volume were examined using a fully automatic specific surface area and pore size distribution meter (Micromeritics, ASAP2020 HD88, USA). The sample was measured for nitrogen adsorption/desorption isotherm at 77 K after degassing at 150°C for 24 h. The specific surface area was estimated using the BET equation in the range of p/p 0 is from 0.08 to 0.22. The specific surface area was estimated using the BET equation [22] . The pore size was estimated using the t-plots and the Barrett-Joyner-Halenda (BJH) equation [23] . The high-resolution images of the activated carbon were captured using an environmental scanning electron microscope (FEI, Quanta 200, USA). The accelerating voltage was 25 kV, and the images were taken at 600x and 2,400x magnification. No conductive layer of metal was added to the sample. Characterization of surface elements and chemical states of activated carbon were examined by X-ray energy-dispersive spectrometry (Oxford, INCA X-act, UK). The functional groups on the activated carbon were analyzed by Fourier transmission infrared spectroscopy (Thermo Scientific, Nicolet IS5, USA), by taking 32 scans from 400 to 4,000 cm −1 with a resolution of 2 cm −1 using the potassium bromide pellet technique. The weight proportion AC:KBr used for the preparation of the pellet for FTIR analysis is 1:150. The particle size and zeta potential of the activated carbon after grinding were analyzed by laser particle size analyzer (Malvern, ZS90, UK). The zeta potential determination procedure was as follows: 0.1 g of activated carbon was placed in 100 mL of pure water and shaken. The pH was adjusted to 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9 with HCl and NaOH. The prepared activated carbon suspension was allowed to stand for 5 min, and then the zeta potential was measured.
Adsorption experiments
The nickel sulfate was prepared as a stock solution in deionized water and 100 mL of the desired concentration of Ni(II) was mixed with NGAC and TWGAC. Afterwards, the pH was adjusted with 0.1 M NaOH and HCl solution and the mixture was left mixing at 150 rpm and specified time. Next, the mixture was filtered using a 0.45 μm filter and 20 mL of the supernatant was collected. The effect of adsorbent dose on the Ni(II) adsorption capacity of TWGAC and NGAC was studied at adsorption doses of 0.1, 0.2, 0.3, 0.4, and 0.5 g L -1 . In this experiment, the adsorbate concentration, temperature, contact time, and pH were controlled at 10 mg L -1 , 27°C, 75 min, and 8, respectively. The effect of pH on the Ni(II) adsorption capacity of TWGAC and NGAC was studied at a wide range of pH (5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, and 9). In this experiment, the initial adsorbate concentration, adsorbent dose, contact time, and temperature were controlled at 10 mg L -1 , 0.4 g L -1 , 75 min, and 27°C, respectively. The effect of contact time on the Ni(II) adsorption capacity of TWGAC and NGAC was studied at 15, 30, 45, 60, 75, and 90 min. In this experiment, the initial adsorbate concentration, adsorbent dose, temperature, and pH were controlled at 10 mg L -1 , 0.4 g L -1 , 27°C, and 8, respectively. The residual Ni(II) concentration was determined by flame atomic absorption spectrophotometry using an atomic absorption spectrophotometer (Persee, TAS-990, China). The test solution was sprayed into an air-acetylene lean flame, resulting in the nickel compound disintegrating into a ground state atom at a high temperature. The atomic vapor produced selective absorption of the characteristic line 232 nm which was generated by the sharp line source (nickel hollow cathode lamp). At a lamp current of 12.5 mA, a spectral passband of 0.2 nm, an observed height of 8 mm, an acetylene flow rate of 2.2 L min -1 , and an air flux of 9.4 L min -1 , the absorbance was proportional to the concentration of nickel in the test solution. Adsorption experiments were performed in triplicate and reported as average data. The adsorption capacity (Eq. (1)) and the percentage removal (Eq. (2)) of Ni(II) were determined as follows:
where
, C e is the Ni(II) concentration at equilibrium (mg L -1 ), V is the volume of solution (L), m is the mass of activated carbon (g), and q is the adsorption capacity (mg g -1 ).
Adsorption kinetics
The study of adsorption kinetics aids in determining the mechanism of adsorption and reaction pathways.
For evaluating the adsorption kinetics of Ni(II) on NGAC and TWGAC, the pseudo-first-order (Eq. (3)), pseudosecond-order (Eq. (4)), and Elovich models (Eq. (5)) were applied to fit the experimental data. In addition, the accuracy of these models was evaluated by determining the nonlinear coefficient (R 2 ). The equations can be expressed as follows:
where q e is the amount adsorbed at equilibrium (mg g -1 ), q t is the amount adsorbed at any time t (mg g -1 ), t is the adsorption time (min), k 1 is the rate constant (min −1 ), k 2 is the secondorder rate constant (g mg -1 min
), α is the initial adsorption rate (mg g -1 min -1 ), and β is the desorption constant (g mg -1 ).
Adsorption isotherm
Adsorption isotherms play an important role in the assessment of the actual adsorption process. To determine the adsorption isotherm of Ni(II) on NGAC and TWGAC, Langmuir (Eq. (6)) and Freundlich models (Eq. (7)) were used to fit the experimental data. In addition, the accuracy of these models was evaluated by determining the nonlinear coefficient (R 2 ). The equations can be expressed as follows:
where C e is the equilibrium concentration (mg L -1 ), q e is the amount adsorbed at equilibrium (mg g -1 ), q m is the maximum concentration corresponding to monolayer (mg
-1/n ), and n is the heterogeneity factor denoting the adsorption intensity.
Adsorption thermodynamics
Adsorption thermodynamics can be used to describe the effects of temperature during adsorption. The thermodynamic parameters of adsorption process such as Gibbs free energy change (ΔG), enthalpy change (ΔH), and entropy change (ΔS) can be calculated as follows:
where R is the ideal gas constant (8.314 J mol
, T is the absolute temperature (K), and K is the adsorption equilibrium constant obtained from the isotherms which has a better fitting parameter. The ΔH and ΔS were obtained from the slope and intercept of the plot of ΔG vs. T. Adsorption experiments were carried out at 27°C, 37°C, and 47°C to evaluate temperature effects. Fig. 1 shows the nitrogen adsorption isotherms of NGAC and TWGAC at 77 K, which can be described as a type I isotherm. The line type of the type I isotherm has a micropore filling feature characterized by a rapid rise in the adsorption volume at low relative pressures, followed by a flat phase before finally reaching a limit. This indicates that the high specific surface area (893.37 and 924.69 m 2 g -1 ) of TWGAC and NGAC is due to the higher number of micropores, which suggests that they are all microporous solids. According to the nitrogen adsorption isotherm, we calculated the specific surface area of the sample using the BET equation [24, 25] . The sample micropore data were obtained by t-plot methods. The surface area, pore volume and average pore size of TWGAC and NGAC are shown in Table 1 . TWGAC has a lower nitrogen adsorption compared with NGAC, which is consistent with the micropore volume in Table 1 . Further, the specific surface area of TWGAC is much lower than that of NGAC, which may be due to the use of the water plant for 5 years. However, TWGAC still has great application potential.
Results and discussion
Characteristics of TWGAC
The SEM images of NGAC and TWGAC at 600× and 2,400× magnification are shown in Fig. 2 . The image of NGAC (Figs. 2a and b) indicates that it has a smooth surface and a dense structure. In addition, it also has multiple pores with uneven apertures, which are beneficial to the adsorption of heavy metal ions. In contrast, the damaged surface of TWGAC (Figs. 2c and d) was more complex. The surface became uneven and the structure of the activated carbon was very loose, which can be likely explained by damage during the 5 years of adsorption and soaking.
In addition, the pores on the surface of the TWGAC become larger and some pores became pits. No suspended and washable contaminants were observed from the figure, which proved the effectiveness of ultrasonic cleaning to some extent. We observed that TWGAC still had some limited adsorption capacity left. However, owing to structural considerations and economic constraints, it was no longer suitable for regeneration through long-distance transportation. We concluded that the reuse of the powder after grinding can compensate for the defects in the structure and improve the treatment effect.
The composition change of NGAC and TWGAC was analyzed using the energy-dispersive spectrometry (EDS), as shown by images in Figs. 3a and b . The composition of TWGAC (Fig. 3b) was similar to that of the new-activated carbon (Fig. 3a) and was mainly composed of carbon and oxygen. The atomic % of the C elements in TWGAC and NGAC were 93.02% and 92.44%, respectively, and the atomic % of the O elements were 5.54% and 5.94%, respectively. The other elements had an atomic % less than 1. Not surprisingly, the composition of activated carbon did not change much during the 5 years of utilization. In addition, TWGAC did not contain any toxic and hazardous substances after ultrasonic cleaning and could be used safely. The FTIR spectra of NGAC and TWGAC are shown in Fig. 4a . The spectra indicate that NGAC and TWGAC have many similar absorption peaks. The absorption peak present at 3,400 cm -1 is -OH associated with hydrogen bonding, where activated carbon adsorbed water [26, 27] . Then, the absorption peaks present at 1,628; 1,575; and 1,385 cm -1 are associated with asymmetric vibrations of C=O [28] . The absorption peaks at 980 and 1,100 cm -1 are weak, corresponding to phenolic hydroxyl groups [29] . However, the number of functional groups in TWGAC is lower compared with NGAC, indicating that the functional groups of TWGAC have likely changed during many years of use, and chemical bonds became broken. Overall, the TWGAC retained most of its functional groups and still possessed a good adsorption capacity.
The particle size distribution of NGAC and TWGAC is shown in Fig. 4b . It can be seen from the figure that the particle size distribution curves of NGAC and TWGAC basically conform to the normal distribution. The average particle size of NGAC is 635.4 nm, and most of the particle size ranges from 500 to 1,000 nm. TWGAC has a smaller average particle size (462.8 nm) and particle size range (200-500 nm) compared with NGAC. This may be due to the loose structure of TWGAC after prolonged use and soaking, so it is easier to grind than NGAC.
The zeta potential of NGAC and TWGAC at different pH is shown in Fig. 4c . The graph shows that the zeta potential changes of NGAC and WGAC have the same trend at different pH. The zeta potential of NGAC and WGAC is negative at pH 5-9, indicating that both surfaces are negatively charged at this time. As the pH increases, the absolute value of both zeta potentials increases. When the pH is increased from 5 to 9, both zeta potentials are doubled, so the change in pH has a significant effect on the zeta potential.
Effect of adsorbent dose on TWGAC and NGAC
One of the key parameters determining the properties of adsorption is adsorbent dose. The relationship between the removal rate of Ni(II) and adsorbent dose is shown in Fig. 5a . The effect of adsorbent dose on TWGAC and NGAC was the same throughout the entire process. As the amount of TGWAC and NGAC increased from 0.1 to 0.4 g L -1 , the removal rate of Ni(II) gradually increased from 98.2% to 99.47%. This occurred because the effective adsorption sites increased with the increased amount of adsorbent [30] . When the adsorbent dose was continuously increased to 0.5 g L -1 , the removal rate of Ni(II) tended to be stable. This may be due to the reduction in the concentration gradient between the adsorbate in the solution and adsorbate on the adsorbent surface [31] . It can be seen that the maximum adsorption was achieved when the adsorbent dose was 0.4 g L -1 , and the removal rate of Ni(II) on TWGAC was only 1.27% lower compared with NGAC.
Effect of pH on TWGAC and NGAC
The pH of the solution also has a major impact on the adsorption performance. The relationship between the removal rate of Ni(II) and pH is shown in Fig. 5b . These data suggest that the adsorption capacity of TWGAC and NGAC was greatly affected by pH but the overall trend was the same, which is in agreement with the experimental results of zeta potential. Furthermore, the adsorption capacity of TWGAC was not really different compared with NGAC at the same pH. When the pH was below 7, the removal rate of Ni(II) was low. However, it increased sharply as the initial pH increased from 7 to 7.5, and then grew gently in pH 7.5-9.0. According to some of the previously published work, the influence of pH on Ni(II) adsorption was mainly caused by the variation of H + concentration [32, 33] . At lower initial pH, excess H + enhanced the competition with Ni(II). With the increase of pH, the functional groups on the surface are deprotonated, and the competition adsorption between Ni(II) and H + became weak. The most basic interaction is, therefore, the strong electrostatic attraction between the metal cation Ni(II) and the deprotonated group [34] . Therefore, strong base environment is more favorable for the adsorption of Ni(II) by TWGAC and NGAC.
Effect of contact time on TWGAC and NGAC
The contact time plays an important role in the adsorption process. The relationship between the removal rate of Ni(II) and contact time is shown in Fig. 5c , demonstrating that the adsorption process of TWGAC and NGAC was very similar. Importantly, the removal rate of Ni(II) at the beginning of adsorption was relatively low. However, as the adsorption time increased, the removal rate also gradually increased. When the adsorption time continued to increase, the adsorption was close to the equilibrium and the removal rate appeared stable. This is because the adsorption of the adsorbate in the solution is a gradual process and it takes time for the adsorption to reach the equilibrium. In the beginning, the initial amount of available active sites can be freely adsorbed, resulting in a rapid increase in the Ni(II) removal rate. However, as the adsorption site becomes gradually occupied by Ni(II), the rate of removal decreases and the adsorption tends to be balanced [35] . Indeed, we have demonstrated here that 75 min is a balance time that is logically and economically advantageous. At this time point, the removal rates of TWGAC and NGAC were 98.1% and 99.1%, respectively. 
Adsorption kinetics
In order to evaluate the kinetic behavior of Ni(II) adsorption on TWGAC and NGAC, we utilized the fitting parameters of the three different models (Fig. 6 and Table 2 ). The fitting results show that TWGAC and NGAC have similar kinetic curves, which are largely due to the same material and similar particle size distribution. The pseudo-second-order kinetic model was more suitable for the adsorption process compared with the pseudofirst-order kinetic model. The correlation coefficients of the pseudo-second-order kinetic models of TWGAC and NGAC were 0.9997 and 0.9995, respectively. Furthermore, the fitted q e,cal was closer to the experimentally obtained q e,exp . Therefore, the adsorption behavior of Ni(II) on TWGAC and NGAC follows a pseudo-secondary reaction mechanism. The pseudo-second-order model assumes that chemisorption can control the rate determination step. Therefore, the adsorption process is mainly controlled by chemisorption and may involve the valence state of electron sharing or exchange between the adsorbent and the adsorbate [36] .
The Elovich kinetic model is primarily used to describe the chemisorption process on the surface of a heteroge neous adsorbent. In addition, the Elovich dynamic model reveals the irregularities of the data neglected by other kinetic models and is suitable for processes with large activation energies during the reaction [37, 38] . The desorption constants β of TGWAC and NGAC were 0.1903 and 0.2094 g mg -1 , respectively ( Table 2 ). The low desorption constant indicates that the desorption rate was very slow and the process was almost irreversible [39] . In addition, the β value of TWGAC was lower compared with NGAC, indicating that TWGAC might have a better interaction with Ni(II).
Adsorption isotherm
Studies of adsorption isotherms can aid in understanding of the number of sites of adsorption activity and the nature of the adsorbate-adsorbent interaction [39] . The Langmuir adsorption model assumes that the adsorbed molecules occur on a uniform surface with a limited number of adsorption sites, as evidenced by the absence of interaction of the single-layer adsorption between the adsorbed molecules. In contrast, the Freundlich adsorption model assumes that the adsorption equilibrium conditions occur at heterogeneous sites with different adsorption energies, and the process of infinite adsorption is spontaneously formed [40, 41] . The adsorption isotherms for adsorption of Ni(II) on TWGAC and NGAC at 27°C is shown in Fig. 7 . The results of the fitting of two different isothermal models are shown in Fig.  8 and Table 3 . The adsorption isotherm results of TWGAC and NGAC are more suitable for the Freundlich model by comparison of R 2 , indicating that multilayer (physical) adsorption occurred on the adsorbent surface [42] . From the Langmuir model, the maximum adsorption capacity of TWGAC and NGAC was 138.9 and 123.5 mg g -1 at 27°C, respectively. Because TGWAC is ground into a fine powder and the contact with the adsorbate is increased, it may explain why its maximum adsorption capacity is slightly higher compared with NGAC. The Freundlich model is used to prove the heterogeneous system and assumes that the adsorption process is reversible [43] . The value of n can indicate the degree of non-linearity between the concentration of nickel in the solution and the nickel adsorbed. When n < 2, adsorption is unfavorable, and when 2 < n < 10, adsorption is advantageous [44] . The obtained n values were 2.1 and 2.8 by fitting the experimental data of TWGAC and NGAC, respectively. This confirms that although the adsorption capacity of TWGAC was decreased, it was still beneficial.
Adsorption thermodynamics
Thermodynamic studies increase the insight into the type and mechanism of the adsorption process. The adsorption thermodynamic parameters, including the Gibbs free energy, enthalpy, and entropy were calculated (Table 4) . Both ΔG values of TWGAC and NGAC were negative, indicating that the Ni(II) adsorption was spontaneous. Specifically, the external energy of the system was not required for the adsorption process [44] . Next, the ΔG value decreased with increasing temperature and a positive value of ΔH, indicating that the adsorption of Ni(II) was an endothermic process, which means that the adsorption of Ni(II) on the TWGAC and NGAC increased as the temperature increased [45] . Moreover, a positive value of ΔS indicates that Ni(II) has a good affinity for these two adsorbents and is stable at the adsorption site [46] . 
Reuse of TWGAC
In order to understand the application potential of TWGAC, the reusability of the exhausted TWGAC was examined. Specifically, we washed saturated TWGAC powder under ultrasonic waves at 40 kHz for 10 min, followed by drying at 105°C. The initial adsorption mass concen tration, amount of adsorbent, temperature, and pH were controlled at 10 mg L -1 , 0.4 g L -1 , 27°C, and 8, respectively, and the experiment was carried out for a total of three adsorption and reuse cycles. The experimental results and the nitrogen adsorption-desorption curve of the activated carbon after the last use are shown in Fig. 9 . TWGAC is still described as a type I isotherm after three cycles of use. However, its specific surface area has decreased to 865.71 m 2 g -1 . The results also showed that the removal rate decreased from 98.1% to 95.3% after three cycles, but the TWGAC still had a good adsorption capacity. The stable removal rate further proves that the TWAAC used in this study has the potential to remove Ni(II).
Conclusion
In this paper, WGAC was treated by ultrasonic cleaning, drying, and grinding, and it was successfully used to adsorb Ni(II) from water. According to the comparison with the NGAC under the N 2 adsorption/desorption isotherms, SEM, EDS, FTIR, particle size distribution and zeta potential, the structure of WGAC was severely damaged and was not suitable for regeneration. However, it still had a high specific surface area (893.37 m 2 g -1 ) and a good adsorption capacity. In addition, the treatment used in this study was able to remove impurities from the WGAC and restore functional groups. Compared with NGAC, TWGAC had less adsorption capacity under the same conditions, and both were affected by the same factors and used under optimal operation. The adsorption performance of TWGAC and NGAC for Ni(II) was greatly affected by pH, and the adsorption performance was better under strong alkali conditions. The experimental data of TWGAC and NGAC were overall consistent with the adsorption kinetics, isotherms and thermodynamics, indicating that the adsorption mechanism of WGAC after treatment did not change. The adsorption process can be described by a pseudosecond-order kinetic model. The adsorption isotherm results of TWGAC and NGAC were well fitted using the Freundlich model, and the maximum adsorption capacity q m of Ni(II) were 138.9 and 123.5 mg g -1 for TWGAC and NGAC, respectively. Thermodynamic analysis suggested that the values of ΔG and ΔH on the adsorption of Ni(II) by TWGAC and NGAC were essentially physical and a spontaneous and endothermic process. A positive value of ΔS suggested that TWGAC and NGAC had a good affinity for Ni(II). The TWGAC can be reused as an adsorbent at least three times before the final disposal. In summary, the methods presented herein can be used to economically and efficiently reuse WGAC units that are not conducive to regeneration. TWGAC is superior to many adsorbents in heavy metal adsorption and has great application potential in future practical engineering. a b Fig. 9 . (a) Ni(II) removal rate of three reuse cycles; (b) nitrogen adsorption-desorption isotherm of TWGAC after the last reuse cycle.
